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IRRADIANCE  OF  SURFACE  FIRE  IN  FORESTS 
Chen  Dawo,  Wang  Xiuqing,  and  Wei  Chong 
Northeast  Forestry  University 

ABSTRACT 

This  paper  discussed  the  irradiance  of  fire  lines  to 
surface-ground  while  surface-ground  spreading,  and  the  effect  of 
wind  speed,  slope  on  irradiance.  The  formula  for  calculation  of 
irradiance  of  fire  line  to  surface-ground  was  deduced  by  analysis 
to  flame  characteristics  and  by  building  up  the  radiation  model 
of  flame  zone  in  fire  line.  The  formula  for  calculating  of 
irradiance  of  zone  covered  flame  was  deduced  by  taking  the 
average  height  of  flame  as  a  unit  of  length  and  defining  the 
spatial  parameters  of  fire  environment — ti,  Cf  its  radiation 
field  spatial  characteristic  function — f(5/  t)/  C)-  Practical 
results  revealed  that  the  irradiance  of  fire  line  to  surface- 
ground  is  related  to  flame  temperature,  fire  intensity,  flame 
average  height,  and  the  position  of  observation  point.  In 
addition,  it  is  effected  also  by  wind  speed,  slope.  By  compare, 
the  irradiance  of  the  sun  to  surface-ground  is  negligible  during 
the  short  period  of  fire  line  approached  to  this  area. 

Key  Words;  Surface-ground  fire;  diffusion  flame;  radiation  flux, 
solar  constant. 

Under  field  conditions,  the  combustible  matter  system  in  a 
forest  is  an  open  system.  Fluctuations  in  water  content  in  the 
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combustible  matter  is  also  a  process  of  energy  exchange  and 
material  exchange  between  combustible  matter  and  environment.  It 
is  restricted  by  meteorological  factors  in  nature  (rainfall, 
wind,  temperature,  relative  humidity  and  solar  radiation,  etc.) 
on  the  one  hand,  and  by  fire  area  spreading  characteristics,  on 
the  other.  Through  convection  and  thermal  radiation,  a  fire  line 
transfers  heat  to  its  surrounding  space  and  forms  a  high- 
temperature  region  in  its  adjacent  area.  During  a  short  time 
while  the  fire  line  is  spreading  over  scores  of  meters  downwind, 
the  latter  plays  a  predominant  part  and  causes  the  water  content 
in  the  surface  layer  of  the  combustible  matter  to  decrease 
rapidly.  As  far  as  the  ground  surface  layer  is  concerned, 
thermal  radiation  plays  a  dominant  role  in  the  preheating 
process . 

1.  Thermal  Radiation  Model  of  Flame  Zone  in  Fire  Line 

The  flcime  of  a  surface  fire  is  a  diffusion  flame.  The 
thermal  radiation  characteristics  of  the  flame  zone  in  the  fire 
line  refer  to  the  surface  temperature  of  flame,  surface  area  of 
the  flame  zone,  and  surface  radiation  character  of  the  flame 
zone^^^ . 

It  is  generally  believed  that  the  ignition  temperature  of  a 
combustible  gas  mixture  is  much  the  seime  as  its  critical 
extinguishing  temperature.  But  the  actual  situation  is  that  a 
flame  is  extinguished  when  its  temperature  is  still  far  higher 
than  its  ignition  temperature.  This  kind  of  phenomenon  is 
referred  to  as  the  ignition  and  extinguishing  lag  phenomenon ' . 
Subsequently,  the  temperature  in  the  flame  zone  should  be  higher 
than  the  ignition  temperature.  Table  1  lists  the  ignition 
temperatures  of  several  combustible  gas  mixtures . 
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TABLE  1.  Ignition  Temperatures  of  Several  Kinds  of  Matter^^' 


«/c 


2  ^ 

«*C  H,  4 

CO 

5¥«CH,  6 

Z-iR  CjH, 

7  Z.«  C,H. 

350 

580-590 

644-658 

650-750 

520-630 

542-547 

580—590 

637—658 

556-700 

520—630 

500-519 

KEY:  1  -  ignition  temperature  2  -  charcoal  3  -  hydrogen 
4  -  carbon  monoxide  5  -  methane  6  -  ethane 

7  -  ethylene  8  -  burning  in  air  9  -  burning  in 

oxygen 

As  shovm  in  Fig.  1,  the  length  and  front-edge  width  of  a 
randomly  selected  small  segment  of  a  fire  line  are  denoted  with  1 
and  D.  The  spatial  model  of  a  flame  zone  in  the  fire  line  is 
converted  into  a  recumbent  triangular  column,  with  A,  B  and  C 
faces  as  the  face  sources  for  thermal  radiation.  They  evenly 
dissipate  radiant  energy  in  every  possible  transfer  direction, 
with  dA  as  an  area  element  randomly  selected  on  the  face  source, 
dQ  as  the  radiant  heat  emitted  by  area  element  dA  in  time  dt,  and 
M  as  irradiance  (W«m'^)  . 

M=dQ/dAdt  ( 1 ) 

If  the  radiant-properties  model  of  the  flame  zone  is  converted 
into  graybody  radiation,  the  irradiance  of  the  face  source  will 
be  given  by  the  formula 

M=eaT'' 

where  T  is  the  temperature  of  the  face  source  (K);  e  is 
emissivity,  whose  transfer  value,  between  0  and  1,  is  determined 
by  the  surface  properties  of  the  face  source:  for  the  orange-red 
flame  surface,  e  is  approximately  0.93[3];  and  a  is  Stefan's 
constant . 

2 .  Irradiance  of  Fire  line  with  Respect  to  the  Surface 

As  shown  in  Fig.  2,  the  space  above  the  surface  combustible 
layer  is  divided  by  the  flame  zone  in  the  fire  line  into  three 
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subspaces:  I,  II  and  III.  Subspace  I  can  be  used  to  study 


Fig.  1.  Radiation  model  of  flame  zone  in  fire  line 
KEY:  1  -  combustible  layer 


the  irradiance  received  by  the  surface  combustible  matter  during 
the  preheating  stage;  subspace  II  serves  in  studying  the 
irradiance  received  by  tree  crowns  at  the  top  of  the  fire  line  in 
its  spreading  process,  while  subspace  III  is  employed  in  studying 
the  irradiance  received  by  the  ground  surface  in  the  residual 
fire  area. 


Fig.  2.  Radiation  area  provided  by  fire  line 
KEY:  1  -  wind  speed  2  -  direction  of  spreading 
3  -  combustible  matter  4  -  downwind 
spreading  5  -  wind  speed  6  -  direction 
of  spread  7  -  combustible  matter 
8  -  upwind  spreading 


The  temperature  at  the  face  source  is  nonuniformly 
distributed  and  varies  with  time,  i.e.,  T=T(x,y,z,t) .  The  face 
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source  evenly  distributes  the  radiant  energy  over  a  2k  solid 
angle.  The  energy  radiated  to  solid  angle  dJ2  from  each  unit  area 
of  the  face  source  per  unit  time  can  be  expressed  as  (M/2Ti)dJ2. 

The  radiant  energy  transmitted  within  the  solid  angle  and 
reaching  an  area  element  per  unit  time  ds  is 

(M/2n)d£2cos0ds 

As  shown  in  Fig.  1,  angle  6  is  an  included  angle  between  the 
transfer  direction  and  the  direction  normal  to  area  element  ds. 

By  integrating  various  transfer  directions,  the  total  radiant 
energy  arriving  at  area  unit  ds  per  unit  time  can  be  found. 
Obviously,  the  total  radiant  energy  is  provided  by  the  face 
source  A,  which  is  numerically  equivalent  to  d#,  the  radiation 
flux  received  by  the  area  element  ds; 

d^>  =  (  j  ^(;o.si9d.Q)c\ 

By  substituting  Eq.  (1)  in  the  above  formula  and  using  E  to 
represent  the  irradiance  of  the  fire  line  with  respect  to  the 
surface  (W«m‘^),  we  have 

^  =  |^jTHx,y..^,t)cos0d/3  ^  ^  ^ 

where  the  integration  interval  is  the  solid  angle  corresponding 
to  face  source  A.  As  shown  in  Fig.  3,  a  spherical  coordinate 
system  is  adopted  with  its  point  of  origin  placed  at  the 
investigated  ds,  where  the  OCD  plane  divides  face  source  A 
(AA'F'F)  into  Aj  (CDA'F' )  and  A2  (CDAF).  Let  us  first  study  the 
irradiance  of  the  Aj  sub-face  source  to  the  surface  and  denote  it 
as  Ex . 


As  shown  in  Fig.  4,  two  surveyor  poles  of  the  same  height 
are  erected  on  the  ground.  Pole  CD'  is  near  the  original  point, 
while  the  other  pole  GB'  is  far  from  the  original  point.  It  can 
be  seen  from  the  Figure  that  Y>Yo/  If  triangle  OGB'  is 
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rotated  by  the  angle  (p(ZD'OB')  counter-clockwise,  then  the  space 
locations  of  triangle  OCD'  and  triangle  0GB'  are  precisely  the 


r 


Fig.  3.  Relationship  among  various  quantities 


triangles  given  in  Fig.  3.  By  referring  to  Figs.  3  and  4  at  the 
same  time,  6=ZZ0G=/0GB' ;  the  farther  away  from  the  original  point 
the  GB'  location  is,  the  greater  the  values  of  can  be;  when 

GB'  is  on  the  point  at  infinity,  Y"*®®/  <P*’Tr/2.  Obviously,  there 
are  constraining  conditions  among  Y,<p,0  (see  Fig.  3), 
cos^e=GB '  V0G^=GB '  2/ ( OC^+GC^ ) 

Since  GC^=B'D'^=(0D' tg(p)^  and  OD'2=OC^-CD'2=OC^-GB'^  then 


cos*^  = 


CB'* 


GB'^ 


OC*  +  (Oa  -  CB'Otg*^ -jjOC*  .l  ±  tgV  OB'* 


Q  —  Q^tgV/.(l  +.tg*f>)3 


Let  us  write  GB'=H,  OC=ro,  and  note  that  ( l+tg^*)'^=cos^'',  then 

‘  cos*^  =;(42-cos9>)VC1  ~  (— sinf>)*3 

<r-  To'  -  “i  Tq  ' 

and  as  H<ro,  0:$q><ii/2,  constantly  (H/roSin(p<l .  Therefore, 


Let 


1/Cl  ~  (^sin9>)*3  =  1  +  ( — sinp)*  +  ( — sin?j)^  + 
.  -  ,  '  .  .  ...  ^0 

.  .  .Ain50‘  +  -- 

1/Cl  —  (— sinp)*3  1  +  (— sinf)*  +  (^sinp)*  + 

To  .  ;  ^0  Tq 

Tq 
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then : 


cos^d  ^  (“COsf>)*Cl  +  (^sin^?)^  +  ( — siufY  +  ( — sin^)*]3 

^0  To  (3) 

If  the  temperature  at  the  sub-face  source  is  rewritten  as 
T  { Y  f  ?  /  ®  / 1 )  / dJ2=sin0d0d(p ,  the  irradiance  of  the  sub— face  source 
with  respect  to  the  investigation  site  is 

^  ^  /.  '^(-r  ,$,Osmdcos0d0 

Eq.  (4)  provides  a  method  of  calculating  Ei,  where  flame  height  H 
(implicitly  contained  in  cosS)  and  flame  surface  temperature  T 
are  both  parameters,  which  basically  are  restricted  by  four 
factors,  namely  wind  speed,  type  of  combustible  matter,  load  of 
combustible  matter,  and  water  content  of  combustible  matter.  If 
the  surface  combustible  layer  has  a  uniform  distribution  and  the 
same  combustion  character,  then  the  ^  and  values  vary  only  with 
wind  speed.  If  the  wind  speed  is  divided  into  several  intervals 
_and  a  mean  value  of  the  corresponding  flame  height  and 
temperature  is  selected  from  various  intervals  and  marked  with 
and  Ti  (i=0,l,2, . . . ,n) ,  then  the  following  can  be  derived  from  H. 
Eq.  (4): 

H  +  Ysin29^D  +  +  -|-sin2w(2sin*9i  i-  1)J 

Mf  1  ,  .  17?  1  ^  ^ 

+  +  ysin2^i:\(2sin^f^  —  1)3  +  +  Ysin2?\(2sm*9:i  —  1)3} 

Similarly,  the  irradiance  at  the  A2  sub-face  source  with  respect 
to  the  surface  can  also  be  calculated  and  expressed  as  E2. 

+  -|-sin2fvD  +  +  Ysin2ft(2.sin*ft 

(2sin95  —  ]):)  +  +  -|-sin2fi(2sin*f^  —  I)]}} 

where  (Pi=ZD'0A',  (P2=ZD'0A.  Evidently,  the  irradiance  at  face 
source  A  with  respect  to  the  surface  E=Ei+E2,  and  we  have  the 
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expressions 


-r  ft  -r  -^(sin2ft  +  sin2ft)D 

O''.  r^j  c 

1 

+  T^Cft  -r  ft  -r  -r''^'‘'’-fi(2sin*ft  —  ]  )  -f 
^.sin2ft(2sin29^  -  ])J  -r  ^Cft  -r  ft  + 

“  or  Q 

ysinZft  (2sin’ft  —  1 )  -f  ysin2ft(2sin’ft  —  ])]  — 

}  1 

STjCft  ^  ft  -r  -^.sin2ft(2sin'ft  -  ])  ^  -7sin2ft(2sin'ft  -  1)3) 


By  rearrangement,  the  precise  value  of  irradiance  is  given  by  the 
expression 


ec-,p,H:  .  H;  1  .  ^  ] 

'  r.  '■  M  +  ii7;  -  ->  - 

El.--,-.  -  _  5i.-  6.  ^  _  Hr  .  Hi  .  Hf  , 


‘  6rlE"  '  Srf'"'-  '  ‘Sr-  ^  j2r'.  '  ISrl 


T  -r  “Oj 


T®'"2ftC(^ 


Hi  ,  , 

- rSin'C>. 


H;  .  ,  ,  Hi  .  ,  .  ^  .Hr  .  HI  ,  Hi 

— sin'tf:  -f-  --sin'c,  —  •••)  —  ( — :  ^ - - — i - ^  -;- 

8r,'  ■■  Sr:  '  12r,;  '  ]  6r,l  ’ 


G 

r 

K 

*•  V 

B  .  D-  O'  ■■ 

Fig.  4.  Angle  0  greater  than  angle  0o 


1.0 

o 

II 

f  !•  U 

1 

£  n  K 

II 

p 

OJ 

s  U«  0 
^0.6 

■I _ ^ 

C  0.4 

/=l-5 

^0.  2 
S 

- 1 - « _ '  ■  '  » 

0 

10 

/  . 

Fig.  5.  f(5,^)  values  at  different  nr><«+-c 
ground  surface  within  fire  enviro™ln^ 


In  actual  forest  fires,  flame  height  and  temperature  are 
extremely  diversified  and  are  measured  through  actual 
measurements .  Since  wind  speed  and  the  distribution  of 
combustible  matter  vary  randomly,  flame  heights  measured  by 
erecting  surveyor's  poles  are  far  from  accurate.  On  the  other 
hand,  flame  temperatures  measured  using  a  special  thermocouple 
are  also  extremely  inaccurate  due  to  radiant  heat  dissipation, 
convective  heat  transfer,  and  thermal  inertia.  The  errors 
occurring  in  actual  measurements  are  much  greater  than  those 
derived  from  approximate  calculations.  Therefore, 

£  ^  +  \s\n2<P,  +  ysin2?^) 

451  r,  c  c  ( 5  j 

It  can  be  concluded  from  Eq.  (5)  that:  (1)  The  surface  irradiance 
provided  by  the  fire  line  is  directly  proportional  to  the  fourth 
power  of  the  average  flame  surface  temperature. 

Let  £,.  (r.)  =  ecTTJ  /4/  which  describes  only  the  graybody  radiation 
properties  of  the  face  source.  77  is  based  on  the  Kelvin 
temperature  standard.  Calculations  indicate  that 
Eo(  1237  )»2Eo(  1073),  Eo(  1773  )»7 . 5Eo(  1073  )  . 

(2)  The  irradiance  of  the  fire  line  with  respect  to  the 
surface  is  directly  proportional  to  the  square  of  the  average 
flame  height.  At  the  i-th  level  wind  speed,  if  the  average  flame 
length,  flame  dip,  and  fire  intensity  are  respectively  expressed 

as  £.  ,  cXio  li/  then 

I.-  =  0.  077  77?  =  6.  01  X  \0-Uf-*hin*a^ 

or  using  an  approximate  computing  formula 

77?  «4xlO-^Iif^’ 

By  substituting  it  in  Eq.  (5), 

£  =  6.  01  X  10~’/i-”sin*a,o£e(T,)(9\  + 

+  -|-sin2f\  +  Ysin2ft)/rJ 
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£  ^  4  X  10-*/.£,(7'.)(ft  +  -|-Sin2ft 

+  Ysin2ft)/ii 

(3)  The  irradiance  of  the  fire  line  with  respect  to  the 
surface  is  inversely  proportional  to  the  square  of  Tq,  the 
distance  between  the  investigation  site,  and  the  flare.  When  the 
investigation  site  is  right  under  the  flare  as  shown  in  Fig.  3, 
point  0  and  point  D'  will  coincide.  At  this  instant,  ro  reaches 
its  minimum  value  and  Vo  =  . 


The  irradiance  in  the  fire  environment  is  estimated  using 
the  average  flame  height  as  unit  length.  Eq.  (5)  can  be 
rewritten  as 


Fig.  7.  Irradiance  of  Aj  face  source  with 
respect  to  point  0 
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As  shown  in  Fig.  3,  in  the  above  equation,  So=OD',  Si=OA' , 
S2=0A' ,  li=CF',  l2=CF,  l=li+l2=FF'  and  are  estimated  by  using  the 
denominator  in  Eg.  (6).  When  the  investigation  site  is  right 
under  the  flare,  So=0,  and  the  denominator  is  it;  when  , 

the  denominator  increases  to  lOlit,  and  its  surface  irradiance 
decreases  to  several  thousandths  under  the  flare  and  can  be 
neglected.  The  fire  intensity  is  smaller  than  the  3000  and 
lOOkw/m  mid-  to  low-intensity  surface  fires;  their  average  flame 
length  (Li)  is  less  than  3m  and  1.8m  respectively.  It  is  known 
then  that  for  mid-  to  low-intensity  surface  fires,  the  fire  line 
irradiance  to  the  surface  can  be  calculated  starting  from  30m. 
During  surface  fire  stable  spreading,  the  length  of  fire  line  is 
much  greater  than  the  average  flame  height,  i.e.,  .  Let 

=  /  =  ?77..  /,  =  r/7,. 

and  substitute  these  expressions  in  Eq.  (6), 


=  Csin-> 


E  =  £o(T,)/($,7,0 

K 


z  +  sin“ 


(7-D 


Vf*  +  <V  -  D* 


+  ^2  ^  J-2  +  ^2  +  f*) 


(7) 


where  are  all  nondimensional  quantities,  which  can  be  used 

to  evaluate  the  spatial  dimension  of  a  fire  environment  with  the 
average  flame  height  as  unit  length.  The  function  f(5,ti,C)  is 
also  a  nondimensional  quantity,  with  its  maximum  value  1  and 
minimum  value  0,  which  expresses  the  spatial  properties  of  the 
radiation  field.  Given  the  fire  line  length  7=2ofe  and  the 
distance  between  the  investigation  site  and  fire  line  (5  value) 
as  a  parametric  variable,  the  f  vs .  C  plot  is  shown  in  Fig.  5. 


3 .  Irradiance  Provided  by  Fire  Line  with  Respect  to 
Flame-covered  Zone 
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It  is  known  from  Fig.  2  that  during  downwind  spreading,  the 
area  from  the  fire  line  front-edge  to  somewhere  right  under  the 
flare  is  a  flame-covered  zone,  while  during  upwind  spreading,  the 
area  from  the  flare  after-edge  to  somewhere  under  the  flare  is 
the  flame-covered  zone.  The  flame-covered  zone  is  characterized 
by  a  unique  evaluation  of  spatial  parameters  in  the  fire 

environment,  which  leads  to  a  special  evaluation  of  the  spatial 
properties  function  f($,ilfC)  of  the  radiation  field.  When  the 
investigation  site  is  right  under  the  flare,  So=0  and  therefore, 
5i=0.  If  the  investigation  site  is  not  located  at  the  end  point, 
then  =  •  From  Eg.  (7), 

»?i)  ~  1  *  ~  £(i(7 ■)  ( 8 ) 

where  Eg  is  the  irradiance  that  the  fire  line  provides  with 
respect  to  the  surface  right  under  the  flare,  which  is  related  to 
the  temperature  of  the  thermal  radiation  source  alone,  and  is 
related  neither  to  the  average  flame  height  nor  to  the  fire  line 
length . 

As  shown  in  Fig.  6,  if  the  investigation  site  is  located  in 
the  covered  zone,  face  source  A  (denoted  with  DB)  can  be  divided 
into  two  sub- face  sources:  A'j  (denoted  with  BF)  and  A' 2  (denoted 
with  DF).  Their  irradiance  to  the  surface  can  be  expressed  with 
E',  E'l  and  E'2*  Since  the  investigation  site  is  located  right 
under  the  flare  of  the  A'l  sub-face  source,  the  following  can  be 
derived  from  Eg.  (8): 

=  £o(T,)  =  ^ 

4 

Rotating  the  image  in  the  hatched  area  in  Fig.  6  by  90°  counter¬ 
clockwise,  Fig.  7  can  be  obtained.  The  effective  flame  height  of 
sub-face  source  A' 2  is  expressed  with  H'  ;  the  length  of  the 
fire  line  corresponding  to  sub-face  source  A' 2,  is  equal  to  the 
length  of  the  fire  line  corresponding  to  face  source  A;  the 
distance  ^  between  the  investigation  site  and  right  under  the 
flare  of  sub-face  source  A' 2  is  equal  to  the  average  flame  height 


Wi  of  sub-face  source  A.  Thus,  the  spatial  parameters  ^2/112/^2 
in  the  fire  environment  of  sub-face  source  A' 2,  respectively,  are 

T  -  J-  y 
c,  =  “  H'.  ’ 

During  stable  spreading  of  the  fire  line,  1  is  constantly  1>  J7.  ; 
if  the  investigation  site  is  located  in  the  central  part  of  the 
flame  covered  zone,  i.e.,  li>  and  l-li>  77,  ,  then 


From  Eq.  (7),  the  following  is  derived 


f  (?2  >  72  )  — 


1  -r  cl 


=  £„(T,)/(l  -f  cl) 


(9) 


From  Fig.  6  .  It  is  clear  that  the  surface  irradiance 

at  face  source  A  provides  with  respect  to  the  flame-covered  zone 


E'=E'i+E 


Therefore, 


,,,  _eaT) 

^  =  —-“(1  +  cos^a) 


(10) 


Let  the  flame  dip  be  Oq,  then  in  the  flame  covered  zone, 
OLo<a<n/2 .  The  following  can  be  concluded  from  Eq.  (10); 


( 1 )  The  surface  irradiance  that  the  fire  line  provides  with 
respect  to  the  flame-covered  zone  is  greater  than  that  in  the 
non-flame-covered  zone.  In  the  flame-covered  zone,  as  the 
investigation  site  approaches  the  front-edge  of  the  fire  line, 
angle  a  decreases  and  the  surface  irradiance  at  the  investigation 
site  increases.  Since  the  minimum  value  of  a  is  the  flame  dip 
Oo,  clearly  (see  Fig.  6).  Thus,  the  irradiance  at  the 

front-edge  of  the  fire  line  reaches  its  maximum  value,  and 

=  £o(T,)(1  +  cos^a.)  =«  A'.cT'.Od  +  cos'y?)  , 


(2)  The  maximum  irradiance  that  the  fire  line  provides  with 
respect  to  the  surface  is  associated  not  only  with  the 
temperature  of  the  radiant  source,  but  also  with  the  flame  dip. 
Under  the  same  conditions  of  terrain,  type,  and  load  and  water 
content  of  combustible  matter,  an  increase  in  wind  speed  causes  a 
decrease  in  flame  dip  and  an  increase  in  Under  the  same 
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conditions  of  wind  speed,  type,  and  load  and  water  content  of 
combustible  matter,  an  increase  in  the  topographic  slope  angle 
will  lead  to  a  decrease  in  flame  dip,  and  an  increase  in  E'^,  as 
well . 

(3)  During  surface  fire  spreading,  the  front  edge  of  the 
downwind  fire  line  is  located  at  B  in  the  flame-covered  zone, 
while  the  front  edge  of  the  upwind  fire  line  is  located  at  C  in 
the  non-f Icune-covered  zone.  In  these  two  situations,  the  radiant 
heat  provided  by  the  fire  line  differs  greatly  in  quantity.  This 
difference  can  be  calculated  with  irradiance  as  the  standard. 

The  irradiance  at  B  of  the  front  edge  of  the  downwind  fire  line 
is  denoted  with  Eb,  which  can  be  calculated  from  Eq.  (10) 

£»  =  ii'nu,  =  £.(T,)(1  +  cos*a,)  =»  £,(T,)(1  +  cos*/?) 

Referring  to  Fig.  6,  the  distance  between  the  front  edge  of  the 
upwind  fire  line  and  right  under  the  flare  CG  can  also  satisfy 
the  condition  1>CC  ,  and  the  irradiance  at  C  of  the  front  edge 
of  the  upwind  fire  line  is  expressed  with  E^,  which  can  be 
calculated  by  using  Eq.  (9); 

=  £,(TV)/(r+  ry  =-E,-(T.)siri*^- 

where  S=  CU/B,  .  Obviously,  when  wind  speed  or  slope  angle 
increases,  angle  a  decreases,  Eb  increases,  and  then  the  fire 
condition  of  the  downwind  fire  line  will  increase;  when  angle 
decreases,  E,,  decreases,  and  then  the  fire  condition  of  the 
upwind  fire  line  will  decrease. 

(4)  The  irradiance  of  the  sun  is  referred  to  as  the  solar 
constant,  which  is  approximately  1.35kw/m^,  denoted  with  Ego. 

When  sunlight  passes  through  the  atmosphere  and  arrives  at  the 
ground  surface,  its  energy  is  approximately  31%  of  what  it 
formerly  was .  Solar  irradiance  with  respect  to  the  surface  is 
denoted  with  E'gor  we  have  the  expression 

E '  30=0 . 31E3o(  sin#sin6+cos$cosScosY )  ( H ) 

where  $  is  the  latitude  angle  (°)  of  the  region  where  the  solar 
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irradiance  is  under  study  (in  °);  6  is  solar  dip  (°);  and  y  is 
solar  azimuth  angle  (°) . 

As  an  example,  let  us  consider  Da  Hinggan  Ling  Pr.,  where 
$«48®,  6«15°,  noon  time  y=0.  By  substituting  these  values  in 
Eq.  (11),  E',o=0.351cw/m2.  Select  f  =  900'C  /  i.e.,  T=i  373  K  is  the 

average  surface  temperature  of  flame,  which  is  then  substituted 
into  Eo(.T)=  toT'/i.  ,  and  the  values  Eo=25 .  Okw/m^  E'3o/Eo«1.4%  are 
obtained.  It  is  therefore  believed  that  during  the  short  time 
that  a  fire  line  spreads  over  a  distance  of  ]oJ7  ,  the  solar 
irradiance  with  respect  to  the  surface  can  be  neglected. 

4.  Conclusions 

The  irradiance  that  the  flame  zone  in  the  fire  line  provides 
with  respect  to  the  surface  cannot  be  neglected.  During  the 
short  period  of  time  when  the  fire  line  spreads  over  scores  of 
meters,  the  water  content  in  the  adjacent  combustible  surface 
layer  rapidly  decreases.  It  is  possible  to  calculate 
quantitatively  the  radiant  heat  that  Im^  of  surface  receives  in 
every  second,  and  to  determine  its  relationship  with  the 
characteristic  value  of  the  fire  environment. 

4.1.  The  irradiance  that  the  fire  line  provides  with  respect 
to  the  surface  is  inversely  proportional  to  the  square  of  the 
distance  between  the  investigation  site  and  the  flare. 

4 . 2  The  irradiance  that  the  fire  line  provides  with  respect 
to  the  surface  layer  is  directly  proportional  to  the  square  of 
the  average  flame  height  and  also  is  approximately  directly 
proportional  to  fire  intensity. 

4.3  In  judging  the  distance  from  the  fire  line  length,  from 
the  investigation  site  to  the  flare,  a  general  law  can  be  derived 


15 


by  using  flame  height  as  unit  length. 


4 . 4  The  maximum  irradiance  of  the  downwind  spreading  of  a 
surface  fire  E'^  is  much  greater  than  that  of  the  upwind 
spreading  surface  fire 

==  jEiCTjXl  +  cos*€t,) 

The  angle  ^  decreases  with  increase  in  wind  speed  and  in  slope 
angle. 
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